ABSTRACT: Fatty acid profiles of food sources, dominant zooplankton, macrofauna and a few small ichthyofauna in a temperate estuary on the southeastern coast of South Africa were used to trace the original carbon sources and the degree of feeding plasticity of consumers within an oligotrophic environment. Fatty acid analysis is seldom used to examine food web ecology in estuaries, as these systems are typically highly complex owing to the variety of potential food sources and the variable nature of detritus. We hypothesized that generalist consumers would exhibit similar and overlapping fatty acid compositions, whereas any specialist consumers would 'stand out' as they may contain high proportions of fatty acids specific to their preferred food sources. Within-species variation was very small in the food sources, and Principal Component Analysis (PCA) allowed resolution of most species and sample types into distinct clusters. Variation of fatty acid composition was greater within the consumers, with PCA resolving several clusters by collection location within the site and feeding mode of the animals (suspension feeders, grazers and omnivores). We considered the fatty acid profiles (with particular reference to polyunsaturated fatty acids and essential fatty acids) of the consumers in relation to the food sources to determine which organisms played significant roles in the sequestration and cycling of high quality organic material within the estuary.
INTRODUCTION
The dynamics of organic carbon transfer among producers and consumers has interested trophic ecologists for several decades (Fry & Sherr 1984 , Canuel & Cloern 1995 , Connolly et al. 2005 . This field of research has proven particularly challenging in aquatic environments, as organisms of interest are often very small, remote and/or behaviourally complex. Furthermore, many consumers have a high degree of feeding plasticity, as the nature and availability of food can vary considerably both spatially and temporally. The study of estuarine systems in particular introduces additional difficulties, as estuaries are trophically complex and support a large variety of primary producers (Meziane et al. 1997 , Kharlamenko et al. 2001 , Alfaro et al. 2006 . In an attempt to cope with the difficulties associated with complex detritusbased systems, a variety of analytical techniques has been used, each with its own suite of limitations. Two methods that provide a time-integrated view of an organism's assimilated feeding history are the determination of (1) stable isotope ratios and (2) fatty acid profiles (Michener & Schell 1994 , Parrish et al. 2000 . Stable isotope ratios in animal tissues are used as tracers to original carbon sources as well as indicators of trophic level (Peterson & Fry 1987) , and fatty acids provide information on the type and quality of resources assimilated by animals over ecologically meaningful time periods (Dalsgaard et al. 2003) . The most successful biomarkers are those that are unique to a food source in a specific environment and are transferred without modification into higher trophic levels (Dalsgaard et al. 2003) . When used together, fatty acid and stable isotope techniques show promise in resolving the trophic ecology of complex aquatic ecosystems (Kharlamenko et al. 2001 , Alfaro et al. 2006 , Perga et al. 2006 .
Consumers derive all their lipid requirements either directly from the diet or indirectly by the transformation of protein and carbohydrate precursors. Lipids, particularly the polyunsaturated fatty acid (PUFA) components, have vital structural and functional roles in membranes and are therefore required for growth and reproduction (Arts 1999) . Fatty acids that are required for the proper biological functioning of organs, but cannot be effectively synthesized de novo by animals (the essential fatty acids, EFAs), include the PUFAs 20:5ω3, 22:6ω3 and occasionally 20:4ω6 (Olsen 1999) . These fatty acids must therefore be obtained in the diet, and, as such, EFAs are highly conserved in aquatic systems and are fundamental drivers of ecosystem fitness and stability (Arts et al. 2001) . Trophic ecologists are interested in the sources of PUFAs, and EFAs in particular, and in the consumers that most effectively sequester these molecules within an aquatic ecosystem (Parrish et al. 2000) . Most research into fatty acid composition has been focussed on marine fish and shellfish owing to the importance of marine fisheries to human health and nutrition (Arts et al. 2001 ), but marine and freshwater invertebrates have received increased attention in recent years (Graeve et al. 1997 , Goedkoop et al. 2000 . Although estuaries represent vital links between freshwater and marine systems and serve as nursery grounds for many commercially important fish, relatively little is known about the fatty acid composition of producers and consumers in estuarine systems throughout the world.
The focal point of our study is a temperate estuary located on the southeastern coast of South Africa. This semi-arid region has low annual rainfall and high rates of evaporation, and most estuaries receive relatively small amounts of freshwater input throughout the year (Davies & Day 1998) . This natural deficiency in riverine water is further augmented by numerous artificial dams in many of the estuaries (Grange et al. 2000) . As freshwater inflow is an important source of inorganic nutrients, South African systems are therefore predominantly nutrient limited (Grange & Allanson 1995) . Although inorganic nutrient concentrations in estuaries along the western coast of the country can potentially be replenished by the cold and nutrient-rich Benguela Current seawater during a tidal cycle, the warm oligotrophic Aghulas Current offers minimal nutrient enrichment to eastern coast systems (Grange & Allanson 1995) . Together, these environmental constraints undoubtedly influence all levels of the food web, and we expect that these limitations will be reflected in the fatty acid compositions (particularly the EFAs) of organisms on the eastern coast of South Africa.
The aims of the current study were 4-fold: (1) to provide fatty acid composition data on estuarine food sources and consumers for the first time in a South African estuary, (2) to determine whether different groupings of food sources contain unique fatty acids that can be used as trophic markers, (3) to assess the degree of plasticity or omnivory in the diets of the predominant zooplankton, macrofauna and fish in a highly oligotrophic environment, and (4) to compare and contrast the conclusions drawn from fatty acid profiles with previously collected stable isotope ratio data in the same system.
MATERIALS AND METHODS

Study area. The Kariega Estuary is a permanently
open, warm temperate system on the southeastern coast of South Africa (33.6°S, 26.6°E). A detailed description of the estuary (including physical and biological characteristics of the aquatic environment) is provided in Richoux & Froneman (2007) . Several impoundments along the estuary result in a marinedominated, shallow, stable, oligotrophic and wellmixed microtidal system (Grange & Allanson 1995) . Although physical factors can vary seasonally, the over-riding stability of the system appears to limit any seasonal effects on the food webs (Froneman 2001 , Richoux & Froneman 2007 . The intertidal banks along most of the length of the estuary (18 km) are inhabited by bands of the seagrass Zostera capensis, bare mud or sand, the cordgrass Spartina maritima and the salt marsh plants Sarcocornia perennis and Chenolea diffusa (Hodgson 1987) . Several large salt marshes in the middle and lower reaches occupy ~24% of the surface area of the estuary (Taylor 1987) . The sampling site was located adjacent to one of these large salt marshes in the middle reaches, ~5 km from the estuary mouth. Tidal water enters and leaves the salt marsh through a narrow tidal creek having sediments colonized by few macrophytes (primarily benthic algal mats, Fig. 1 ). The salt marsh, densely populated with S. perennis and C. diffusa, lies at a higher elevation than the tidal creek and covers a relatively large area.
Sample collection and preparation. Water, sediment, plant and animal samples were collected in August and November 2006 (N = 1 to 6 per sample type). Aliquots (500 ml) of estuarine water collected from the channel were homogenized and filtered onto pre-ignited (450°C overnight) and pre-weighed GF/F Whatman glass fibre filters (25 mm filters; < 5 cm Hg vacuum filtration). Zooplankton samples were collected from the channel using a WP-2 net (mouth area 0.25 m 2 , 100 µm mesh size, closed cod end) during the night when vertically migrating species concentrate near the surface. Zooplankton were kept alive and aerated at constant temperature for 1 to 2 d throughout sorting and processing. Several hundred copepods (Pseudodiaptomus hessei and Acartia longipatella) and numerous small mysids were pooled by filtration onto GF/C filters to obtain an adequate signal. The concentration of organisms in several samples was still insufficient to yield reliable analytical results (the technique usually requires > 20 mg of dry mass per sample, depending on the lipid content of the organisms); therefore, an additional sample comprising thousands of individuals was processed as 'mixed zooplankton'. The microzooplankton (< 200 µm) fraction of the zooplankton community, which can constitute up to 43% of the seston in the Kariega Estuary, is dominated by ciliates and dinoflagellates (Froneman & McQuaid 1997) , whereas the larger zooplankton fraction (> 200 µm) is dominated by copepods of the genera Pseudodiaptomus and Acartia (Froneman 2002) .
Vegetation (Zostera capensis, Z. capensis epibionts, Sarcocornia perennis, Chenolea diffusa, Spartina maritima, Codium sp., benthic algal mats and assorted dried riparian leaves from the tidal wrack) and surface sediments were collected with a scalpel during the day at low tide and stored in Ziploc ® plastic bags inside an insulated cooler. Benthic macrofauna were collected by hand in different regions of the site (Fig. 1 ). For each species collected, animals within a small size range were chosen to restrict any variation with developmental status. The crabs Sesarma catenata (males analyzed separately from gravid females), S. eulimene and Cyclograpsus punctatus were found in the salt marsh area near the tidal creek (Area A), the crabs Cleistostoma edwardsii were found near or within the tidal creek (Areas A and B), specimens of the whelk Nassarius kraussianus and the opisthobranchs Haminoea alfredensis were removed from Z. capensis blades at the mouth of the tidal creek (Area C), and individuals of the nereid polychaete Perinereis nuntia vallata were sorted from sediments collected in Area D immediately downstream from the salt marsh inlet. A prawn pump was used to extract mud prawns Upogebia africana from the sediments between Areas D and E. The shrimp Palaemon peringueyi was collected with a hand net in Area E, and klipfishes Clinus superciliosis, gobies Caffragobius gilcristi and C. nudiceps, and specimens of the crab Hymenosoma orbiculare were captured in Area E using a 5 m seine net. All animals were kept in freshlycollected estuarine water for transport and storage, and macrofauna and fish were allowed to defecate overnight before they were processed further. All samples were rinsed with GF/F filtered seawater. Three types of seagrass preparations were made: (1) 'dirty' Z. capensis: seagrass blades and epibionts included, (2) 'clean' Z. capensis: seagrass blades with epibionts removed by scraping with a scalpel and (3) epibionts (seagrass epibionts only). Plants and seston were treated with boiling distilled water (10 ml were poured over filtered samples, whereas macroflora samples were boiled for 2 min) to deactivate lipolytic enzymes (Budge & Parrish 1999) . Animals were lyophilized for 24 h and homogenized using a mortar and pestle. Dried and weighed animal subsamples [up to 300 mg dry mass (DM)] and wet plant and sediment samples were placed in 2 ml chloroform under nitrogen in lipidcleaned vials and stored at -20°C. Total lipids were extracted from each sample using a modified Folch procedure (Parrish 1999 ) within 4 wk of collection. Samples were ground in 2:1 (v/v) chloroform/ methanol, 0.5 ml of chloroform-extracted water added, and the lipid layers removed and combined following each of 3 chloroform washes. A known quantity of internal standard (19:0) was added to each animal extract to permit fatty acid methyl ester (FAME) quan- tification. FAMEs were prepared by heating the extracts suspended in hexane at 80°C for 1.5 h in the presence of 14% boron trifloride-methanol (method adapted from Budge & Parrish 1998) .
Gas chromatographic (GC) analyses of FAMEs suspended in hexane were performed with a Hewlett Packard 5890A GC equipped with a bonded and crosslinked 78% cyanopropyl methylpolysiloxane fused silica capillary column (30 m length, 0.25 mm i.d., 0.25 µm film thickness, Quadrex Corporation) with helium as the carrier gas. Aliquots (1 µl) of sample were manually injected at 250°C with the oven set at 100°C. After 3 min, the oven temperature was raised to 150°C at 5°C min -1 , held for 1 min, and raised to 220°C at 3.5°C min -1 . The temperature of the flame ionization detector was set at 260°C. Peaks were integrated using 32Karat 5.0 software (Beckman Coulter) and identified using mass spectral data derived from a subset of the samples and by comparing retention times with those of known external standards (37 component FAMEs standard and marine PUFA no. 1, Supelco). Each fatty acid was reported as a proportion of the total identified fatty acids (%TFA) and quantitatively as µg fatty acid mg -1 dry mass (animals). Fatty acids are reported in the shorthand form x:aωb, where x is the number of carbon atoms in the acyl chain, a is the total number of double bonds, and b is the position of the first double bond from the methyl end of the molecule. Bacterial fatty acids (BAFAs) refer to those that have odd-numbered carbon chains and/or iso-(i-) and anteiso-(ai-) branches, and higher plant fatty acids (HPFAs) include 18:2ω6 and 18:3ω3. Saturated fatty acids (SFAs) are those without any double bonds (e.g. 14:0), monounsaturated fatty acids (MUFAs) contain 1 double bond (e.g. 16:1ω7) and polyunsaturated fatty acids (PUFAs) have >1 double bond (e.g. 16:4ω3). All double bonds were assumed to be methylene-interrupted and in cis configuration.
Statistical analysis. Principal Components Analysis (PCA) of proportional and quantitative data was used to examine associations among the food sources and consumers based on their basic fatty acid compositions. To account for problems associated with compositional data, proportional data were log-ratio transformed using a slightly modified equation from Seaborn et al. (2005) : x trans = ln((x i + 1)/c i ), where x trans is the transformed fatty acid, x i is the weight percentage of a given fatty acid and c i is the weight percentage of a reference fatty acid (18:0). The term x i + 1 was used to account for any zero values in the data sets. Hierarchical cluster analysis (Euclidean algorithm) was performed on the scores to create the groupings indicated in the scores plots. Statistical analyses were completed using PAST 1.42 (Hammer et al. 2001) . Variance is reported as one SD.
RESULTS
Food sources
Twenty-seven fatty acids were detected at concentrations >1%TFA in at least one of the food sources ( Table 1 ). All of the food sources contained large proportions (21 to 37%TFA) of the SFA 16:0, the major end product of the most common lipid pathway involving Type I fatty acid synthetase (Dalsgaard et al. 2003) . Fatty acids considered to be essential included 20:4ω6, 20:5ω3 and 22:6ω3. The fatty acids 18:2ω6 and 18:3ω3 are considered additional EFA in some studies as many carnivorous animals have little or no ability to elongate and desaturate these shorter C18 fatty acids (Olsen 1999 , Perga et al. 2006 ), but they were not treated as EFAs in this study.
Major fatty acids detected in the seston include 16:0, 16:1ω7, 18:1ω7, 20:3ω6, 18:0, 18:3ω3, 20:5ω3 and 20:1ω9 (Table 1) . Bacterial fatty acid (BAFA) and higher plant fatty acid (HPFA) levels were moderate at 4.6%TFA and 8.8%TFA, respectively, whereas proportions of EFAs (7.7%TFA) were among the highest found in all food sources. Seston was dominated by diatom markers (16:1ω7 and 20:5ω3) rather than the dinoflagellate marker (22:6ω3). PUFA levels were generally low (31%TFA) relative to fresh specimens of higher plants (61 to 70%TFA).
The sediments contained the greatest proportions of BAFAs (14.2%TFA) and elevated proportions of the diatom markers 16:1ω7, 16:4ω1 and 20:5ω3. PUFA levels were markedly low relative to MUFAs and SFAs, indicating that degradation processes were dominant (Derieux et al. 1998) , although EFAs were elevated at 8%TFA owing to the high occurrence of 20:5ω3. HPFA levels were lower than in all other food sources (1.5%TFA, Table 1 ).
The profile of 'clean' Zostera capensis was markedly different from its epibionts, in particular because of differences in 14:0, 16:1ω7, 18:1ω7, 18:2ω6, 18:3ω3 and 20:5ω3 (Table 1) . BAFA, MUFA, SFA and EFA proportions were highest in the epibionts, whereas PUFAs were more prevalent in seagrass leaves (61%TFA) due to high levels of HPFAs. As in the sediments, low PUFA levels (15%TFA) relative to MUFA (36%TFA) and SFA (49%TFA) indicated the prevalence of decomposition processes in the epibionts as the degree of unsaturation of PUFAs decreases with the degradation of organic material (Derieux et al. 1998) .
Moderate amounts of EFAs and HPFAs were detected in the mats of benthic algae (4. 3% and 19%TFA, respectively) , although the profile of this producer was somewhat unique owing to high levels of SFAs and BAFAs (51% and 10%TFA, respectively) ( Table 1) . As in the sediments and epibionts, low proportions of PUFAs relative to SFAs (but not MUFAs) indicated the predominance of microbial processes in the algal mats. The macroalga Codium sp., characterized by low levels of EFAs and moderate levels of HPFAs, differed from all other food sources by containing elevated amounts of 16:3ω3 (18%TFA). Levels of 18:1ω9 were also elevated at 6%TFA, similar to those found in the salt marsh and riparian plants. Moderate amounts of BAFAs (4.3%TFA) and elevated amounts of PUFAs (57%TFA) relative to SFAs (29%TFA) and MUFAs (14%TFA) both indicate that the material was relatively fresh and not highly colonized by bacteria.
The fatty acid profile of the cordgrass Spartina maritima was similar to those of the salt marsh plants Sarcocornia perennis and Chenolea diffusa, the primary difference being slightly higher levels of BAFAs, PUFAs and HPFAs in S. maritima (Table 1 ). All 3 plant species contained elevated levels of 18:1ω9 (~6%TFA) in addition to large proportions of HPFAs (61 to 68%TFA). EFA proportions were extremely low in all 3 species (0.1 to 0.2%TFA), whereas PUFA levels were high (63 to 70%TFA) and indicated minimal microbial degradation.
The decaying riparian vegetation contained elevated proportions of SFAs (65%TFA) and moderate levels of HPFAs (23%TFA; Table 1 ). HPFA levels were undoubtedly greater in fresh samples of the riparian vegetation, and the moderate HPFA levels in the decayed samples indicates the highly refractory nature of these fatty acids even when subjected to intense microbial degradation. Moderate BAFAs (6%TFA) and decreased PUFAs (27%TFA) relative to SFAs indicate the dominance of microbial colonization on the riparian plants, which may contribute to the slightly increased EFA levels relative to the salt marsh plants.
Principal components (PC) 1 and 2 resulting from PCA of the food sources explained 77 and 14%, respectively, of the variance in the data set. Hierarchical cluster analysis of PC-1 and PC-2 scores identified 9 groupings (Fig. 2) . The salt marsh plants Chenolea diffusa and Sarcocornia perennis were not distinguishable and remained in one cluster, and 'dirty' Zostera capensis samples were not distinguishable from the epibionts, whereas all other food sources had unique profiles that allowed their classification into separate clusters (Fig. 2) . Most notable is the complete separation of 'clean' Z. capensis from the epibionts. PC2 separated the higher plants and Codium sp. (all with high levels of HPFAs and 18:1ω9) from the remainder of the food sources (seston, algal mats, epibionts and sediments) with elevated levels of EFAs and markers for bacteria and diatoms (particularly 16:1ω7, 18:1ω7 and 20:5ω3). The third principal component did not provide additional information, therefore PC-3 plots were not included.
Consumers
Twenty-five fatty acids were detected at concentrations >1%TFA in at least one of the consumers (Tables 2 & 3) . Mean data and PCA results are provided for both the proportional and absolute fatty acid contents, as they represent alternative perspectives and result in different association patterns. Quantitative fatty acid content and weight percentages can be used as complementary assessment criteria in trophic ecology (Olsen 1999 16.4 13.6 ± 0.9 7.0 ± 2.6 6.4 ± 2.6 9.2 ± 4.5 23.3 ± 8.8 22.3 ± 6.6 25.2 ± 5.9 50.6 16.7 ±1.9 51.7 ±13.9 21.3 ± 7.5 mining nutritional requirements of a species, whereas proportional data are important as different EFAs tend to compete with one another in enzymatic reactions. In this regard, proportional data and biomarker ratios may be more important than their absolute contents (Olsen 1999) . Fatty acid profiles of the crabs Sesarma catenata (data from males and gravid females were similar and therefore combined) and S. eulimene were very similar to one another (Tables 2 & 3) and characterized by moderate levels of diatom markers (16:1ω7 and 20:5ω3) and elevated levels of 18:1ω9, HPFAs, BAFAs, PUFAs and EFAs. Proportions of the EFA 20:4ω6 were highest among these crabs (in addition to the crab Cyclograpsus punctatus); this a fatty acid that was found in only trace amounts within most of the food sources. The sesarmid crabs are thought to feed by scavenging or by removing organic material from mud particles (Branch et al. 1994) . Among all the invertebrates, the sesarmids had the greatest absolute amounts of TFA (30 to 36 µg mg -1 DM), EFA (~4 µg mg -1 DM) and PUFAs (~9 µg mg -1 DM, Table 3 ). Individuals of both sesarmid species were collected among the salt marsh plants within Area A and they were grouped together in both PCAs (Figs. 3 & 4) .
The crabs Cleistostoma edwardsii and Cyclograpsus punctatus, also collected from the salt marsh/tidal creek area of the site, were in neighboring clusters in the PCAs (Figs. 3 & 4) . Like the sesarmid crabs, these species had moderate to elevated levels of EFAs and PUFAs, although their TFA contents (14 to 16 µg mg -1 DM) were approximately half those of the sesarmids (30 to 36 µg mg -1 DM, Table 3 ). C. punctatus, a shore crab thought to scavenge by night on drift seaweeds and animal matter, was characterized by particularly high levels of MUFAs (especially 18:1ω9) and HPFAs, whereas C. edwardsii, thought to be a detritivore (Branch et al. 1994) , contained high levels of diatom fatty acids (16:1ω7 and 20:5ω3) but low levels of HPFAs.
The 2 gastropods Nassarius kraussianus and Haminoea alfredensis were clustered with the crown crab Hymenosoma orbiculare in the quantitative PCA in accordance with their common association with the seagrass blades (Fig. 3) , whereas their alternative dietary habits differentiated them in the percent weight ordination (Fig. 4) . N. kraussianus is thought to be a consumer of small bivalves or a general scavenger, whereas H. alfredensis grazes on benthic filamentous algae or diatoms (Branch et al. 1994 ). The profile of N. kraussianus was dominated by SFAs, primarily 18:0, whereas H. alfredensis had elevated levels of MUFAs, PUFAs and EFAs (Table 2) . Like the 2 gastropods, H. orbiculare was collected from seagrass beds in Area E, although it is thought to feed on small crustaceans (Branch et al. 1994 ). Like C. edwardsii, H. orbiculare had correspondingly low levels of HPFAs compared with the crabs that were more closely associated with the salt marsh. Although H. orbiculare contained very low absolute TFAs (7 µg mg -1 DM), the proportions of PUFAs and EFAs were similar to those found in the other crab species (Tables 2 & 3) .
The mud prawn Upogebia africana and the nereid polychaete Perinereis nuntia vallata were grouped together in the quantitative PCA on the basis of their common infaunal habitat (Fig. 3) , whereas the percent weight ordination separated them based on their differing dietary habits (Fig. 4) . In this latter case, the mud prawns formed a separate cluster adjacent to the other suspension-feeders, whereas the nereids were clustered with omnivores and generalist feeders. Absolute TFAs were moderate in both species (~23 µg mg -1 DM, Table 3 ), with moderate to high levels of BAFAs (particularly in the nereid polychaete). Of the 2 infauna, the mud prawn contained higher proportions of both PUFAs and EFAs, primarily owing to low 20:5ω3. HPFA levels were low in both species.
Among the pelagic consumers, the sand shrimp Palaemon peringueyi clustered with the generalist omnivores in the percent weight ordination (Fig. 4) , but between the channel-based zooplankton/nekton and the benthic invertebrates in the quantitative ordination (Fig. 3) . Both groupings confirmed the hyperbenthic/semi-pelagic habitat of the shrimp, as well as an opportunistic scavenging mode of food acquisition. P. peringueyi contained moderate quantities of TFAs (25 µg mg -1 DM), which were dominated by SFAs (Tables 2 & 3) . The copepods Acartia longipatella and Pseudodiaptomus hessei and the small mysid Gastrosaccus brevifissura clustered together in both PCA plots, whereas the mixed zooplankton sample had a markedly different fatty acid profile that separated it into independent clusters (Figs. 3 & 4) . TFA quantities were very high in the mixed zooplankton sample compared with all other invertebrates (51 µg mg -1 DM), whereas the TFAs for combined samples of copepods and mysids was markedly less at 17 µg mg -1 DM (Table 3) . The mixed zooplankton sample contained elevated proportions of PUFAs and EFAs (particularly 22:6ω3) relative to all other consumers (43 and 38%, respectively), which was not reflected in the combined samples of copepods and mysids that were dominated by SFAs 14:0 and 16:0 (Table 2 ). The few ichthyofaunal samples analyzed, including the gobies Caffragobius nudiceps and C. gilcristi and the klipfish Clinus superciliosis, formed centralized clusters in both PCA plots (Figs. 3 & 4) . This indicated generally omnivorous feeding modes in all 3 species, although 2 of the quantitative C. superciliosis profiles formed a cluster apart from the main group. Clinus superciliosis had the highest quantities of TFAs (52 µg mg -1 DM), whereas the 2 goby species averaged only 21 µg mg -1 DM (Table 3 ). All ichthyofaunal samples had elevated levels of both PUFAs (27 to 31%TFA) and EFAs (21 to 24%TFA) relative to all other consumers (Table 2) .
PC-1 and PC-2 of the quantitative PCA explained 69% and 16%, respectively, of the variance in the consumer data. Hierarchical cluster analysis of PC-1 and PC-2 scores identified 8 groupings of consumers (Fig. 3) , with relatively small within-species variation. Four clusters comprised benthic invertebrates, and pelagic organisms formed the remaining 4 clusters in the lower right quadrant of the PCA scores plot (Fig. 3) . The fatty acids with influential loadings on PC-1 were 16:0 and 22:6ω3; on PC-2, 16:1ω7, 18:1ω9, 18:2ω6, 18:1ω7 and 22:6ω3 had influential loadings (Fig. 3) . Each cluster distinguished consumers on the basis of life style and location at the site, with the salt marsh crabs primarily in the top 2 quadrants, the consumers associated with the seagrass beds located at the far left of the plot, the infauna located in the center, and the pelagic organisms in the lower right quadrant (Fig. 3) . PC-1 and PC-2 of the percent weight PCA explained 82% and 7%, respectively, of the variance in the consumer data. Cluster analysis of scores identified 9 groupings of consumers, with numerous fatty acids having influential loadings Fig. 4 . PCA ordination of proportional data on consumers collected in the Kariega Estuary. Arrows running parallel to each axis denote the influence of the specified fatty acids, i.e. having loading values > ± 0.2; gf: gravid females (Fig. 4) . Clusters of consumers were distinguished on the basis of feeding mode, with suspension feeders located in the lower 2 quadrants, general omnivores and scavengers located along the center line, and the grazers in the top region of the plot. PC-1 separated the consumers according to diet, with increased influence of HPFAs towards the right side of the plot where the sesarmid crabs clustered (Fig. 4) . As with PCA of the food sources, the third principal component did not provide additional information and was not included here.
DISCUSSION
Our analyses of the food sources and consumers in the oligotrophic Kariega Estuary have revealed some new insights in the region's trophodynamics. Although inorganic nutrient concentrations are low in the Kariega, there are numerous food sources available to a large variety of consumers, thus making trophic tracing particularly challenging. Food sources were readily separated using PCA, although separation of the consumers was not as clear. Despite high variability in fatty acid composition within some of the consumer species, a few of the fatty acids emerged as potential trophic markers. Percent weight PCA indicated that most of the consumers were generalists that differed according to their dominant dietary components, such as salt marsh plant detritus or sediments; the opisthobranch Haminoea alfredensis appeared to be the only true specialist feeder. Furthermore, the PUFA and EFA dynamics among the food sources and consumers provided new information on those species (fish, sesarmid crabs and possibly microzooplankton) that are highly adaptive and successful at sequestering the best quality components from their surroundings. The information discussed herein has helped refine what we have learned from previous work using stable isotope ratios.
Fatty acid biomarkers
Although PCA distinguished most of the food sources, the distinctions between some groupings were not sufficient for definitive trophic tracing to the consumers. Profiles of all higher plants, apart from the decomposing riparian vegetation, were similar to one another, the seston profiles were similar to those of the benthic algal mats, and the sediments were similar to the seagrass epibionts. Estuarine seston, particularly in an oligotrophic system, contains a high proportion of detritus derived from the decomposition of various primary producers, and we had assumed there would be even more overlap among sources in this detritusdriven environment.
Bacterial production can represent a significant proportion of organic carbon in aquatic food webs, particularly in oligotrophic and detritus-based systems such as the Kariega Estuary (Grange & Allanson 1995) . Although measurement of bacterial production can be a relatively straightforward process (Williams 1984) , increased bacterial production is not necessarily reflected at higher trophic levels, and determining the transfer of bacterial carbon within a food chain can be challenging (Kharlamenko et al. 2001) . Fatty acid biomarkers have been utilized successfully to assess the bacterial component in a variety of ecosystems and food web types (Ederington et al. 1995 , Derieux et al. 1998 ). The odd carbon-numbered and branched fatty acids, which include 15:0, 17:0 and the iso-and anteiso-branched chain acids, are the most typical bacterial fatty acids (BAFAs) (Volkman et al. 1980 , Budge & Parrish 1998 . Among the Kariega food sources, the highest proportions of BAFAs were in the sediments, benthic algal mats, seagrass epibionts and decomposing riparian plants. Elevated proportions of BAFAs also corresponded with low PUFA levels relative to MUFA and SFA in these 4 food sources, particularly in the sediments and epibionts, which further supports the dominance of decompositional processes (Derieux et al. 1998) . The values for BAFAs match those of sedimentary organic material in other seagrass communities (Kharlamenko et al. 2001) . Similarly, the Kariega consumers had only moderate proportions of BAFAs (3 to 5% TFA), which correspond to levels in consumers from other seagrass communities (Nichols et al. 1986 , Kharlamenko et al. 2001 . The infaunal nereid polychaetes contained the greatest proportions of BAFAs (8% TFA), indicating deposit-feeding behaviour rather than a more predatory type of food acquisition. The quantitative data also indicated slightly more BAFAs in the sesarmid crabs, which corresponds to feeding on organic material picked from the sediments. Our previous work with stable isotopes was not able to determine the contribution of bacteria to animal diets in the Kariega Estuary (Richoux & Froneman 2007) , as an isotope signature of a sample reflects an average of its components and does not indicate the presence of bacteria per se. Furthermore, in the stable isotope study, the signatures for sediments varied markedly between sites and were often more enriched than the consumers, making it difficult to assess their contribution to animal diets. The δ 13 C signals of the sediments also overlapped with several other food sources including Zostera capensis, epibionts, Spartina maritima and Codium sp., making it impossible to determine whether bacteria associated with sediments were trophically important to the consumers (Richoux & Froneman 2007) .
As the principal primary producers in the marine environment, planktonic microalgae are traditionally considered key components in most aquatic trophic studies (Claustre et al. 1989 , Cotonnec et al. 2001 , Richoux et al. 2005 . Markers for marine phytoplankton include the diatom fatty acids 20:5ω3 and 16:1ω7 and the dinoflagellate fatty acid 22:6ω3, with high ratios of 16:1/16:0 and 22:6ω3/20:5ω3 indicating a predominance of diatoms or dinoflagellates, respectively, in the environment and in the diets of consumers (Budge & Parrish 1998 , Dalsgaard et al. 2003 . These markers are most useful when diatoms and dinoflagellates are the primary food sources in an ecosystem (Parrish et al. 2000) . Multiple sources of dietary carbon were available to consumers in the Kariega Estuary in addition to the phytoplankton component of the seston, therefore the phytoplankton markers played a much reduced role. Furthermore, the microalgal markers were found in smaller proportions within the seston than is typical for aquatic systems (Budge & Parrish 1998 , Kharlamenko et al. 2001 , Copeman & Parrish 2003 , likely owing to the low inorganic nutrient levels in the Kariega. Seston PUFAs in most marine systems reach levels of 50%TFA, with EFA levels up to 40% TFA (Budge & Parrish 1998 ).
In the Kariega Estuary, greatest proportions of the diatom markers 16:1ω7 and 20:5ω3 were found in sediments and seagrass epibionts rather than seston, indicating the dominance of benthic diatoms rather than planktonic diatoms in the food web. Elevated levels of a second indicator of benthic diatoms (ΣC16/ΣC18, ratio of C 16 to C 18 fatty acids; Saliot et al. 1991 , Parrish et al. 2000 in the sediments (Σ16/Σ18 = 6.3) and epibionts (Σ16/Σ18 = 4.5) also indicated a strong representation of diatoms in this ecosystem (Σ16/Σ18 of remaining food sources ranged from 0.3 to 1.5). This trend was reflected in the consumers, with the benthic invertebrates (particularly the salt marsh crabs that rely on the sediments and epibionts as food sources) containing generally higher quantities of diatom markers. Proportions of the dinoflagellate marker 22:6ω3, however, were greatest in the seston. This corresponded to elevated levels of 22:6ω3 within the ichthyofauna, zooplankton and suspensionfeeding prawns. The PUFA 18:4ω3, used in previous studies as a marker for dinoflagellates (Graeve et al. 1994 ), was not a major component in any of the food sources.
Macroalgae and terrestrial producers can be highly influential in coastal regions, but they have received less attention than phytoplankton in biomarker research. Long-chain (> 24 carbons) fatty acids are often used as biomarkers for terrestrial plants , although detecting these molecules is often not possible owing to temperature limitations on most polar GC columns (Parrish et al. 2000) , and longchain fatty acids were not detected in the Kariega samples. Previous research has indicated elevated levels of 18:2ω6 and 18:3ω3 in terrestrial plants (Budge & Parrish 1998 , Napolitano et al. 1997 , and these fatty acids were found in elevated proportions in all the higher plants in the current study. Decreased quantities of these markers were found in the riparian vegetation, probably reflecting the compositional changes induced during decay. For example, Wannigama et al. (1981) found increased levels of bacterial and long chain SFAs in dead mangrove leaves relative to fresh leaves, and a reduction in C18 PUFAs in dead leaves. The MUFA 18:1ω9 was also a key component of the higher plants and the macroalga Codium sp. in the Kariega Estuary, although not in the seagrasses; therefore 18:1ω9 is an additional potential biomarker for higher plants in this environment. Enhanced quantities of HPFAs and 18:1ω9 in the crabs (particularly the sesarmids and Cyclograpsus punctatus) indicated that a significant proportion of their diet comprised salt marsh plants. Seagrasses and Codium sp. were unlikely sources of the HPFAs as the crabs do not inhabit areas of the site occupied by these producers (Fig. 1) . Furthermore, the crabs did not obtain HPFAs from sedimentary detritus, which exhibited the lowest HPFA levels in all the food sources. It is therefore most likely that the 3 crab species directly consume the salt marsh plants. Direct consumption of plants by crabs has been documented in several other studies, particularly those focused on mangrove systems (Slim et al. 1997 , Hall et al. 2006 .
The fatty acids 20:1ω9 and 22:1ω11 are commonly used to indicate consumption of zooplankton. These biomarkers have been used extensively to demonstrate the prevalence of carnivory in marine pelagic food webs and to elucidate specific predator-prey relationships involving calanoid copepods (Saito & Kotani 2000 , Scott et al. 2001 . However, 20:1 and 22:1 fatty acids have been of little use as copepod biomarkers in estuarine environments (e.g. Alfaro et al. 2006) , and were entirely absent in the copepods and large zooplankton collected in the Kariega Estuary.
Fatty acid composition of food sources
The fatty acid profiles of seston in the Kariega channel differed from pelagic marine systems (dominated by fatty acids common to diatoms, dinoflagellates and prymnesiophytes, Dalsgaard et al. 2003) and inorganic nutrient-rich estuarine environments characterized by seasonal phytoplankton blooms (Canuel 2001) . Sediment profiles were more typical of intertidal sediments (Volkman et al. 1980) , showing elevated levels of BAFAs and decreased levels of PUFAs. Interestingly, highest levels of EFAs were found in seston, sediments and epibionts, although PUFA levels were extremely low in all 3 food sources. The wide range of fatty acids in all 3 samples indicates contributions of a variety of organic sources. The seston profiles included low levels of phytoplankton, bacterial and higher plant markers in addition to long chain monoenes (20:1ω9 and 22:1ω11) that may originate from microzooplankton. In contrast, diatom markers and BAFAs dominated the sediment and epibiont profiles. The benthic algal mats and Codium sp. contained a wide range of fatty acids, the Codium profile resembling those of the higher plants in some aspects (similar levels of 18:3ω3, 18:1ω9 and PUFAs) and those of the algal mats in others (similar levels of 18:3ω6, 20:3ω3, MUFAs and EFAs). A unique and abundant fatty acid in Codium sp., 16:3ω3, identified it a potential biomarker in the food web, although none of the consumers contained significant quantities of this marker.
Apart from the seagrass Zostera capensis, the fatty acid profiles of the higher plants, including Spartina maritima, Sarcocornia perennis and Chenolea diffusa, were virtually indistinguishable from one another and much less complex than the other food sources. Although the salt marsh plants had the highest PUFA quantities of all food sources, none of them contained notable amounts of EFAs. The decomposing riparian leaves contained decreased proportions of HPFAs and PUFAs but slightly elevated levels of EFAs compared with the salt marsh plants, both possible effects of bacterial degradation. Mfilinge et al. (2003) postulated that fatty acid composition can be used to indicate the state of mangrove leaf decay, as microbial activity caused predictable changes in the nutritional quality of leaves over time. Although the SFAs decreased significantly with the decay of leaves, bacterial colonization actually enriched the leaf fragments with PUFAs, thus rendering them more nutritious for consumers . This is not a consistent finding, as Alfaro et al. (2006) found that PUFA levels were significantly decreased in decomposed mangrove leaves compared with fresh leaves, whereas SFA levels remained constant.
The fatty acid profile of Zostera capensis in the Kariega Estuary, the key components being 16:0, 18:2ω6 and 18:3ω3, was consistent with Zostera and other seagrass genera studied throughout the world (Nichols et al. 1982 , Vaskovsky et al. 1996 , Kharlamenko et al. 2001 . Most notable were the significant differences in the profiles of the epibionts living on the Z. capensis blades ( Table 1) . The fatty acid profile of epibionts in the current study was remarkably similar to that of Zostera marina epiphytes in the Sea of Japan (Kharlamenko et al. 2001) , and Posidonia australis epiphytes in Corner Inlet, Victoria, Australia (Nichols et al. 1985) , with all 3 studies indicating a predominance of diatom sources. Markers for seagrasses and epibionts are typically indistinguishable, particularly when using stable isotope ratios (Paterson & Whitfield 1997 , Connolly et al. 2005 , Richoux & Froneman 2007 ; therefore, the additional use of fatty acid biomarkers increases our ability to measure the contribution of these sources to consumers.
Fatty acid composition of consumers
The large quantities of HPFAs and 18:1ω9 in the crabs Sesarma catenata, S. eulimene and Cyclograpsus punctatus confirmed that a significant proportion of their diet originated from the higher plants in the Kariega Estuary, namely the cordgrasses and/or salt marsh plants. Enhanced PUFA levels in the higher plants also corresponded with high levels in the sesarmids. The small proportions of 14:0 in these crab species suggested that the decaying riparian vegetation was probably not a significant food source. The presence of 20:4ω6 in moderate quantities in the crabs is interesting, as none of the food sources contained more than traces of this EFA. This finding suggests that 20:4ω6 is synthesized de novo, most likely by elongation and desaturation of shorter chain precursors such as 18:2ω6 and 18:3ω3 (Dalsgaard et al. 2003) . Alternatively, the crabs may have obtained the EFA from the opportunistic scavenging of allochthonous sources of dead animal material such as fish. Fatty acid profiles partially supported conclusions made from stable isotope signatures, which indicated the presence of δ 13 C-enriched sources (in this case Z. capensis or S. maritima) in their diets in addition to seston and possibly benthic algae (Richoux & Froneman 2007) . Fatty acid profiles also indicated a significant contribution of bacteria and diatoms, most likely arising from the sediments rather than the algal mats or seston. In comparison with all other invertebrates, levels of PUFAs and EFAs and absolute quantities of TFAs confirmed that S. catenata, S. eulimene and C. punctatus are highly adapted for securing the best quality nutrients available in this environment.
The remaining 2 crab species, Cleistostoma edwardsii and Hymenosoma orbiculare, were less well adapted at sequestering EFAs (as evidenced from lower absolute TFAs), and their fatty acid profiles indicated that they utilized carbon sources different from those of the sesarmid crabs. Unlike the sesarmids, C. edwardsii and H. orbiculare contained high levels of the diatom marker 20:5ω3, most likely arising from their increased association with the seagrass epibionts in addition to the benthic diatom-rich sediments. Stable isotope data are not yet available for H. orbiculare, but highly enriched δ 13 C values of C. edwardsii relative to the other consumers at the site also support a close dietary dependency of these crabs on the enriched epibionts associated with the seagrass beds (Richoux & Froneman 2007) .
The dominance of the diatom marker 20:5ω3 in the opisthobranch Haminoea alfredensis undoubtedly originated from the direct consumption of diatom-rich epibionts. In contrast, the profile of the whelk Nassarius kraussianus was dominated by 20:2ω6 and 18:0, 2 fatty acids strongly represented in the seston. How this finding is in accord with the supposed scavenging nature of the whelk is unclear, but low PUFA and EFA levels in addition to low absolute TFAs indicate that this species is not a major component in the transfer of nutrients and energy in the Kariega ecosystem. PUFA and EFA levels in H. alfredensis were far higher than those of the whelk, therefore it is better adapted for acquiring high quality lipid components, although TFAs were decreased relative to the other consumers. As in C. edwardsii, highly enriched δ 13 C values of H. alfredensis suggested a large contribution of enriched carbon sources (Richoux & Froneman 2007) , although fatty acid profiles definitively eliminated all higher plants as significant dietary sources. Seagrass epibionts therefore emerge as the primary food source for the opisthobranchs, and they are considered the most specialized among the consumers.
Within the 2 infaunal species, the PUFAs, EFAs and diatom markers 16:1ω7 and 20:5ω3 were elevated in Upogebia africana relative to Perinereis nuntia vallata. As a suspension-feeder, the mud prawn must have obtained these high quality components from the seston and resuspended sediments. δ 13 C signatures of U. africana are moderate (range 15 to 20 ‰), but are slightly more enriched than other suspension-feeders in the Kariega Estuary (Richoux & Froneman 2007 ). The δ 13 C enrichment and the elevated PUFAs and EFAs in U. africana relative to suspension-feeding mesozooplankton both indicated higher proportions of resuspended benthic detritus in the mud prawn diet, possibly as a result of its burrowing activities and its close proximity to the sediment surface. P. nuntia vallata had enriched δ 13 C signatures relative to other consumers in the Kariega Estuary, indicating the consumption of enriched food sources such as Zostera capensis and Spartina maritima detritus as well as seston and benthic algae, whereas enriched δ 15 N signatures suggested that animal material may also be an important food source (Richoux & Froneman 2007) .
Minimal quantities of HPFAs showed that the enriched seagrass and cordgrass plants are not important food sources for this species, and elevated BAFA markers indicated that it is probably a detritivore or depositfeeder deriving its nutrition primarily from the sediments. Moderate to high TFA, PUFA and EFA quantities in U. africana indicated that it is well adapted to securing high quality organic material from the environment. The nereid polychaete contained low quantities of high quality PUFAs relative to U. africana, but P. nuntia vallata could represent an important food item if consumed in great quantities.
As in Perinereis nuntia vallata, moderate to high δ 13 C ratios in Palaemon peringueyi suggested the consumption of a variety of enriched sources, and enriched δ 15 N signatures suggested that carnivory is important (Richoux & Froneman 2007) . Low quantities of HPFAs in P. peringueyi confirmed that Zostera capensis and Spartina maritima are not important food sources, whereas epibionts and microalgae associated with the seagrass and sediments are probably key dietary items and the most likely sources of the diatom biomarkers. PUFA, EFA and TFA quantities were all moderate, so P. peringueyi certainly plays a role in the transfer of high quality organic material within the food web. The suspension-feeding nature and pelagic habitat of the zooplankton were reflected in the fatty acid profiles and the PCA of both proportional and absolute data. The profiles of mixed zooplankton and combined copepods/mysids samples were similar apart from the highly elevated levels of 20:5ω3 and 22:6ω3 (and thus PUFAs, EFAs and TFAs) in the mixed sample, most likely indicating enhanced production of the microzooplankton fraction. Froneman (2002) found that the most effective grazers of phytoplankton in the Kariega channel were the microzooplankton (mainly ciliates and dinoflagellates 20 to 200 µm), whereas the mesozooplankton (copepods) were unable to graze efficiently on the small cells. It follows that the productive picophytoplankton component of the seston community (Froneman 2002 ) contains the most EFAs, which is in turn reflected in the microzooplankton fraction of the mixed zooplankton sample, as the fatty acid profiles of ciliates tend to reflect their diet (Harvey et al. 1997) . Because the 'combined' zooplankton samples contained only mesozooplankton, the low PUFAs, EFAs and TFAs reflected the absence of a highly productive microzooplankton component. The copepods may feed on the motile protozoans in the microzooplankton fraction of the seston, a possible explanation for the elevated levels of BAFAs in the combined zooplankton samples, although no specific protozoan signatures stand out as biomarkers. Further analysis is required to confirm these trophodynamics, as only one mixed zooplankton sample was analyzed. δ 13 C ratios of Kariega mesozooplankton were among the most depleted of all the consumers, and they indicated that the phytoplankton and detritus components of the seston were the most important food sources (Richoux & Froneman 2007) . Low levels of HPFAs confirmed that the salt marsh plants, seagrasses and cordgrasses are not significant original sources of carbon for zooplankton, although resuspension of benthic diatoms from sediments and epibionts could certainly contribute to the nutrition of the microzooplankton. Detritus from the benthic algal mats may also serve as an additional original source of nutrition for the larger size fractions of zooplankton. Additional analysis would be required to confirm the trophic dynamics of the ichthyofauna, but elevated quantities of PUFAs, EFAs and TFAs indicated that these fish are extremely efficient at sequestering and conserving highly nutritive lipid components within the food web. Fatty acid profiles challenge some results from previous research on the ichthyofauna inhabiting the Kariega Estuary, which indicated the presence of a δ 13 C-depleted channel community and a δ 13 C-enriched littoral community (Paterson & Whitfield 1997) . The klipfish Clinus superciliosis was not one of the species analyzed isotopically, although isotope signatures of the gobies Caffragobius nudiceps and C. gilcristi placed them in the enriched littoral group. As such, Paterson & Whitfield (1997) concluded that the primary food sources for the gobies were highly enriched, namely Spartina maritima, Zostera capensis and its epibionts. In contrast, low levels of HPFAs confirmed that the higher plants were not important original sources of carbon for the ichthyofauna. Furthermore, high levels of the dinoflagellate marker 22:6ω3 suggested that the fish were consuming a food source rich in this biomarker, possibly the 22:6ω3-enriched microzooplankton, in addition to detritus and invertebrates.
Fatty acid compositions of the food sources and consumers in the Kariega Estuary have shed new light on an extremely complex food web. The profiles have clarifed the role of salt marsh plants and seagrasses as original carbon sources for invertebrates and ichthyofauna, and they have confirmed that the ecosystem is dominated by generalist omnivores, some having an enhanced capacity for sequestering high quality lipid components from the environment.
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